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Earthquake reconnaissance investigations were carried out at regions located along the lower stream of Tonegawa River where widely
spread soil liquefaction and associated phenomena were observed following the main shock and aftershocks of the 2011 off the Paciﬁc
coast of Tohoku Earthquake. A multiple series of Swedish Weight Sounding tests were carried out at Sawara of Katori City, Hinode of
Itako City, and Wanigawa and Fukashiba of Kamisu City. The soil proﬁles responsible for the damage inﬂicted by soil liquefaction were
demonstrated along with the help of SPT data. At some locations where the soil samples of erupted sand boils were retrieved, the
proﬁles of relative density and factor of safety against liquefaction with depth are estimated and discussed in detail. The use of Swedish
weight sounding tests along with a help of SPT soil proﬁling proved an effective method for detecting liqueﬁable soil layers responsible
for widespread soil liquefaction induced damage.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V.
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Following the main shock of the 2011 off the Paciﬁc Coast
of Tohoku Earthquake of Mw¼9.0 that occurred at 14:46
on March 11, 2011, and the subsequent aftershocks, wide-
spread soil liquefaction and associated phenomena have
been observed in various regions on Kanto plain, inﬂicting
immeasurable damage to lifelines, infrastructures and resi-
dential homes. As such, soil liquefaction has once again
come into focus as one of the important issues in natural12 The Japanese Geotechnical Society. Production and hostin
/10.1016/j.sandf.2012.11.016
ng author.
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nder responsibility of The Japanese Geotechnical Society.disaster mitigation and reduction, as it was after the 1964
Niigata Earthquake. It is most noteworthy that tens of
thousands of residential houses were subjected to liquefac-
tion induced settlement and tilt over the ground surfaces
covered by erupted sand boils located on reclaimed lands
developed along Tokyo Bay, including some areas in
Urayasu City and Chiba City. The areas affected by soil
liquefaction were also found to extend along the lower
stream of Tonegawa River.
When one looks at the regions along the lower stream
of Tonegawa River as shown in Fig. 1, one needs to
remember the aftershock that occurred off the coast of
Ibaraki Prefecture at 15:15, about 30 min after the main
shock on the same day. In Katori City, a seismic intensity
of Shindo 5 strong was recorded for the main shock as well
as the aftershock on the scale of Japan Meteorological
Agency. In Itako City, the levels of seismic intensity wereg by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 1. Locations of regions investigated.
Fig. 2. Locations of SWS tests and soil sampling (Sawara in Katori City).
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those recorded in Kamisu City were 5 strong and 6 weak.
Several K-Net stations were located around this region. At
Sawara K-Net station, the seismic shaking continued for
more than 2 min during the main shock, and the maximum
acceleration of 301 Gal was recorded in the East–West
component. The aftershock lasted again for over 2 min, with
a maximum acceleration of 220 Gal recorded in the East–
West component. At Kashima K-Net station, the maximum
acceleration of EW 651 Gal and NS 494 Gal were recorded
during the main shock, while those of EW 355 Gal and NS
408 Gal were recorded during the aftershock. At Hasaki-2
Kik-Net Station, the seismic shaking was weaker, with a
maximum acceleration of EW 188 Gal and NS 216 Gal
recorded during the main shock, while those of EW 228 Gal
and NS 168 Gal were recorded during the aftershock.
In the present study, a multiple series of Swedish Weight
Sounding (SWS) tests were carried out at Sawara of Katori
City, Hinode of Itako City, and Wanigawa and Fukashiba
of Kamisu City, as shown in Fig. 1, and the results of the
earthquake reconnaissance investigations are described in
what follows.
2. Historical overview
To understand the widespread occurrence of soil lique-
faction along the lower stream of Tonegawa River, it would
be helpful to recognize the importance of recent geological
history of this area. About one thousand years ago, thecurrent downstream area of Tonegawa River, which corre-
sponds to the regions shown in Fig. 1, used to form an inner
sea, and the old Tonegawa River used to run southwards on
Kanto plain to pour into Tokyo Bay, (Tonegawa River
Lower Stream Ofﬁce, 2011). In the Edo era, about 400 years
ago, in order to prevent ﬂoods in the centre of the old
capital of Tokyo caused by the old abraded Tonegawa
River, the course of the river was purposely changed to run
eastwards to ﬂow directly into Paciﬁc Ocean, and the
current stream of Tonegawa River was laid down. It took
about 60 years from 1594 to 1654 to complete this extensive
work. Following the continued ﬂow of the river water and
the gradual accumulation of loose river bed deposits, the sea
water has progressively been replaced with fresh water
around this area, and a series of the currently seen inner
lakes called ‘‘Kasumigaura’’ were formed. However, abrad-
ing the current of Tonegawa River did not stop ﬂooding
along its stream. In the Meiji era, a series of river works
were carried out from 1900 to 1930, which can be divided
into three periods. In the ﬁrst period from 1900 to 1909, the
river improvement work consisting of river bed excavations
and river embankment constructions was conducted in an
area spanning from the estuary to the current Sawara
district of Katori City. The river improvement work con-
ducted during the second and third periods covered the
areas from Sawara to the upper reach of the river. There-
fore, it is most likely that at least part of Sawara district was
reclaimed at that time with soils produced by excavations of
the nearby river ﬂoor deposits. The river work from 1900 to
1909 should then have allowed dwelling to be extended to
such wet lands. Since Sawara served as one of the major
ports for ship loading and unloading, the local Onogawa
River, which extends from the main Tonegawa River to the
inner district of Sawara, was used as a ship canal. However,
the use of the canal for this purpose came to a halt due to
the decline of shipments along Tonegawa River.
3. Sawara of Katori city
Two series of SWS tests were carried out on August 4
and 5, 2011, along the two lines denoted as A–A0 and
B–B0–B00 in Fig. 2. The locations of SWS tests are denoted
Table 1
Physical properties of soils erupted as sand boils.
Location sw-2 (Tonegawa River,
Katori City)
sw-5 (Jukken-gawa River,
Katori City)
sw-7 (Hinode, Itako
City)
sw-3 (Fukashiba,
Kamisu City)
sw-10a (Gohno-ike,
Kamisu City)
Speciﬁc gravity, rs (g/cm
3) 2.74 2.67 2.71 2.82 2.68
Maximum void ratio, emax 1.34 1.74 1.26 1.66 1.12
Minimum void ratio, emin 0.82 1.01 0.75 0.97 0.64
Fines content Fc (%) 19.6 22.5 7.8 20.4 20.2
Fig. 3. Grain size distributions of soil samples (Sawara in Katori City).
(a) Jukken-gawa River (b) Tonegawa River.
Fig. 4. Old map in 1880’s (Sawara in Katori City) (TRLSO 2011).
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(SPT) were obtained from the local government, and those
locations are denoted as sp-1 to sp-6. The samples of
erupted sand boils were retrieved from the locations of sw-
2 and sw-5, and the physical properties and grain size
distributions are shown in Table 1 and Fig. 3. It is seen in
Fig. 3 that there is a variation in the contents of ﬁnes
consisting of less than 0.075 mm diameter particles in the
two locations, which no doubt had some inﬂuence on the
occurrence of soil liquefaction and is discussed below.
From a close look at the old map of 1880’s (TRLSO
2011) shown in Fig. 4, it is easily found that the district of
Sawara, which was currently bounded by the route 356
and the right bank of Tonegawa River, corresponded to
part of the river bed or easily inundated dry river bed. In
this area, the damage to infrastructure was widespread.
Subsurface liqueﬁable soil erupted from the river bed of
the local Jukken-gawa River and the ﬂoor of the river bedwas ﬁlled with erupted sand boils, as shown in Fig. 5.
Along the local Jukken-gawa River, the ground surface
was laterally spread, causing erroneous bends in the road
behind, and possibly the subsidence and tilt of the hut
further behind, as shown in Fig. 6. Extensive soil liquefac-
tion was observed even at the dry river bed of Tonegawa
River, covering the entire surface of the ball park, as
shown in Fig. 7.
At the location along the local Jukken-gawa River, where
the lateral spread of the ground surface was observed,
a series of SWS tests were carried out as shown in Fig. 8.
The results of SWS tests are shown in Fig. 9. Herein, the
proﬁles of factor of safety against liquefaction Fl with depth
are estimated as follows, and plotted in Fig. 9.
The details of the testing equipment and procedure for
SWS tests are described by Tsukamoto et al. (2004) and
Tsukamoto (2009). Based on the empirical formulae
proposed by Tsukamoto (2009), the SPT N-values and
the relative density Dr can be estimated from the values of
Nsw as follows:
N ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
emaxeminp
10
Nswþ40ð Þ; ð1Þ
Dr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Nswþ40ð Þ emaxeminð Þ2:2
90
ﬃﬃﬃﬃﬃﬃ
98
s’v
rs
ð2Þ
where s0v is the effective overburden stress in kPa, and the
values of maximum and minimum void ratios, emax and
Fig. 7. Sand boils at the dry river bed of Tonegawa River (Sawara in
Katori City).
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by Japanese Geotechnical Society (2009). This testing
method is usually employed for ﬁne sands containing ﬁnes
of less than 5%, though its use is not limited to silty sands.
Herein, it would not be advantageous to use the values of
emax and emin from the practical point of view, since this
requires soil sampling and laboratory tests. However, the
correlations shown in Eqs. (1) and (2) were developed
empirically, based on the fact that the large-strain penetra-
tion resistance such as SWS was found to be sensitive to
the compressibility and dilatancy of soils, which can be
sensitively classiﬁed by the value of the void ratio range,
emax–emin. It should be noted that Eqs. (1) and (2) are valid
only when using rotational penetration measuring values
of Nsw. Under static penetration, values of Wsw ranging
from 0 to 1 kN were measured. Therefore, under static
penetration, it is assumed that the value of ‘‘Nswþ40’’ in
Eqs. (1) and (2) can be replaced with the value ofFig. 5. Erupted sand boils at Jukken-gawa River (Sawara in Katori City).
Fig. 6. Lateral spreading along Jukken-gawa River (Sawara in Katori
City).
Fig. 8. Locations of SWS tests along cross section A–A0 (Sawara in
Katori City).‘‘40Wsw (kN)’’. It then follows that the empirical
formulae proposed by Tatsuoka et al. (1980) can be
adopted to estimate the liquefaction resistance of the soil,
sd;l= 2s0cÞ

, in the present study, where sd;l is a single
amplitude of cyclic deviatoric stress to cause the double
amplitude axial strain of DAea¼5.0% at a number of
cycles of Nc¼20, and s0c is an effective conﬁning stress.
Herein, the SPT N-value can be ﬁrst estimated by
Eq. (1). The liquefaction resistance, sd ;l= 2s0cÞ

, can then
be estimated by using the value of the average particle
diameter, D50. The maximum shear strength ratio is then
assumed to be equal to the liquefaction resistance obtained
from laboratory triaxial tests, i.e. tmax;l=s’v  sd;l= 2s0cÞ

, as
employed in usual practice, (Ishihara, 1996). From the
record of the ground surface acceleration obtained at
Sawara K-Net station, a maximum ground surface accel-
eration of 300 Gal can be assumed as a typical value.
The proﬁle of the maximum shear stress ratio with depth
can then be obtained using the expression of tmax=s0v ¼
amax=g
 
rd sv=s0v
 
, where rd¼1–0.015z, and z is the depth
Fig. 9. Results of SWS tests and estimated proﬁles of factor of safety against liquefaction Fl with depth along cross section A–A
0 (Sawara in Katori City)
(The ratios of distance to depth/height are not to scale.).
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safety against liquefaction is deﬁned as Fl ¼ tmax;l=s0v
 
=
tmax=s0v
 
, the proﬁle of factor of safety against liquefac-
tion Fl with depth can eventually be obtained.
One of the advantages in using static penetration tests
such as the SWS test rather than dynamic penetration tests
such as the SPT lies in the fact that they can easily detect
weak thin strata, though they are not suitable for the
sampling of soils with depth or for accurately monitoring
the ground water depth. In the present study, the depth
of the ground water level was estimated by carefully
checking the boundary between dry and wet portions
of the penetrating rods along with locally available SPT
data. In Fig. 9, down from a depth of 4–8 m, there is an
extremely weak stratum of natural silt deposits overlain by
what is estimated to be a relatively weak stratum of a
possibly ‘‘old reclaimed sand deposit’’, which would have
been used for remoulding in river improvement works. It
should be noted in Fig. 9 that the round white data points
correspond to the soil layer where the sand boil samples
were retrieved and the physical properties were obtained
to produce the plots of Dr and Fl, while dashed lines are
used for the underlying natural silt deposits, at which the
plots of Dr and Fl are extrapolated by assuming the same
physical properties as those of the sand boil sample,tentatively. It is most likely that this ‘‘old reclaimed sand
deposit’’, showing the values of Fl almost equal to 1 or just
less than 1 in Fig. 9, erupted as sand boils and that is was
responsible for surface-exposed lateral spreading. Compar-
isons of the grain size characteristics shown in Fig. 3(a)
also suggest that the sand boils which erupted at the
location of sw-5 originated from the overlying old
reclaimed sand deposits, where the grain size distributions
of SPT samples conducted nearby and that of sand boils
retrieved at the location of sw-5 are compared in Fig. 3(a).
There was an unconﬁrmed eye-witness account that the
sub-surface soils began to erupt as sand boils and entirely
ﬁlled up the local Jukken-gawa River, after the aftershock
hit this area at 15:15, about 30 min after the main shock on
the same day. This evidence indicates that the aftershock
further accelerated the occurrence of soil liquefaction
within the soil layers exhibiting the factor of safety against
liquefaction Fl almost equal to 1 during the main shock, as
shown in Fig. 9. Since the value of Nsw can be converted to
an SPT N-value by using Eq. (1), it is interesting to
compare the SPT N-values from the location of sp-6 to
those inferred from the values of Nsw obtained from sw-2
nearby, as shown in Fig. 10. It is found that they compare
well at depths of 4–6 m, though there are some discrepan-
cies at depths of 2–4 m.
Y. Tsukamoto et al. / Soils and Foundations 52 (2012) 987–999992Herein, some questions arise as to whether the under-
lying weak natural silt deposit also liqueﬁed. Since there
was no soil sample originated in this soil layer, it wasFig. 10. Comparison of SPT N-values from sp-6 and inferred from sw-2.
Fig. 11. Soil proﬁle along cross sections B–B0 and B0–B00 (Sawara in Katori
section B–B0 (b) Cross section B0–B00.not possible to estimate the proﬁles of Dr and Fl within
this layer. The engineering issue concerning the effects of
ageing on the liquefaction resistance of soils should be
noted here: this effect would likely be especially signiﬁcant
when natural and reclaimed soil deposits are compared. In
addition, it would be fair to assume that large-strain ﬁeld
penetration tests such as SWS are not capable of detecting
the effects of ageing. However, it would be reasonable to
estimate that the underlying natural silt layer would have
undergone substantial liquefaction, and that this would
have caused the excess pore water to migrate upwards and
therefore would have had an effect on the occurrence of
liquefaction within the overlying ‘‘old reclaimed deposits’’.
Another series of SWS tests were carried out at the site
where the ball park is today, which corresponds to the dry
river bed of Tonegawa River. From the results of SWS
tests along with the SPT data, the soil proﬁle spanning
over the river embankment is estimated along the cross
sections B–B0 and B0–B00 as shown in Figs. 11(a) and (b).
A weak liqueﬁable soil layer at a depth of 2–4 m down
from the ground surface is seen which extends from the
area close to route 356 to the right bank of Tonegawa
River. This very likely corresponds to the area where
reclamation work was carried out during the river
improvement works, and therefore is denoted as ‘‘old
reclaimed deposits’’ herein. The sample of erupted sandCity) (The ratios of distance to depth/height are not to scale.).(a) Cross
Fig. 12. Estimated proﬁles of relative density Dr and factor of safety
against liquefaction Fl with depth at point sw-2 (Sawara in Katori City).
Fig. 13. Location of Hinode in Itako City.
Fig. 14. Locations of SWS tests and soil sampling (Hinode in Itako City).
Fig. 15. Grain size distribution of soil sample (Hinode in Itako City).
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size distribution is shown in Fig. 3(b). The proﬁles of Dr
and Fl with depth are then estimated as shown in Fig. 12. It
is found in Fig. 3 that the sand boil sample from the
location of sw-2 contains less ﬁnes than that from the
location of sw-5. This weak layer of ‘‘old reclaimed deposits’’
at the location of sw-2 is found to exhibit values of Dr as
low as 30%, and the values of Fl are as low as 0.4, which
indicates the occurrence of extensive soil liquefaction.
Herein, in addition to the difference in the grain char-
acteristics of the sand boil samples at the two locations of
sw-2 and sw-5, the much lower values of SWS penetration
resistance observed at the location of sw-2 are believed to
have contributed greatly to the lower value of Fl.
4. Hinode of Itako city
The current district of Hinode of Itako City is shown in
Fig. 13. With the help of staff members of Itako City, a
series of SWS tests were carried out on September 8 and 9,
2011, along the two lines denoted as A–A0 and B–B0 in
Fig. 14. The locations of the SWS tests are denoted as sw-1
to sw-8. In addition, some SPT data were obtained from
the local government, and those locations are denoted as
sp-1 to sp-4. Samples of erupted sand boils were retrieved
from the location of sw-7, and their physical properties
and grain size distributions are shown in Table 1 and
Fig. 15.
From a close look at the old map from the 1880’s
(TRLSO 2011) shown in Fig. 16, the current district of
Hinode of Itako City exactly coincides with an area which
formed an inner lake connected with the old ‘‘Nasakaura’’.
In the 1940’s, this district of what used to be an inner lake
was reclaimed by draining and used as agricultural paddy
ﬁelds to help alleviate the shortage of food experienced
during that time. The reclamation by draining and subse-
quent pumping up and ﬁlling of dredged river bed
sand deposits over the district of Hinode was completed in
1950 (Itako City HP). Since the development of nearby
Kashima Coastal Industrial Region was resumed in the
1960’s, the district of Hinode was one of the areas chosen forresidential district development. Reclamation was carried
out in 1970 and 1971 by means of pumping out the water
and using the deposits in a nearby river bed to ﬁll what had
once been paddy ﬁelds. A series of construction works for
water drainage, water supply and sewage, roads and bridges
were then subsequently completed.
At Hinode of Itako City, widespread soil liquefaction
caused settlement and the tilting of residential houses,
uplifted manholes and drifted sheet pile walls for water
channels, tilted numerous electricity poles, and caused the
surfaces of many roads, which were covered by a huge
amount of erupted sand boils, to fracture. This can be seen
in Fig. 17.
Y. Tsukamoto et al. / Soils and Foundations 52 (2012) 987–999994The results of SWS tests are shown in Fig. 18 with the
SPT data as an estimated soil proﬁle along the cross
section A–A0. In Fig. 18, it is seen that in areas where
extensive soil liquefaction was observed, there is a soilFig. 16. Old map in 1880’s (Hinode in Itako City) (Tonegawa River
Lower Stream Ofﬁce, 2011).
Fig. 17. Uplifted and drifted sheet pile wall for water channel (Hinode in
Itako City).
Fig. 18. Soil proﬁle along cross section A–A0 (Hinode in Itako Clayer of what is estimated to be ‘‘old reclaimed sand
deposits’’ overlain by a relatively new ﬁll. This new ﬁll
should be the deposits of dredged nearby river bed deposits
reclaimed during the period from 1970 to 1971. The ‘‘old
reclaimed sand deposits’’ would have been the dredged
river bed deposits ﬁlled in to the area reclaimed by
draining, which must have been repeatedly remoulded,
tamped and improved for agricultural purposes during the
period from 1940’s to 1960’s. It is also noteworthy that the
areas of extensive soil liquefaction are underlain by a
thicker layer of natural silt deposits. It is not clear if this
thick natural silt deposit affected the occurrence of soil
liquefaction in this area. From the comparisons of the
grain size characteristics shown in Fig. 15, the sand boils
which erupted at the location of sw-7 originated from the
overlying ‘‘old reclaimed sand deposits’’. It should also be
noted that the underlying natural silt deposit consists of
about 30% clay particles and 50% of silt particles. It is still
uncertain whether the underlying natural silt deposit was
liqueﬁed. From the sample of erupted sand boils retrieved
at the location of sw-7, the proﬁles of Dr and Fl with depth
are estimated as shown in Fig. 19. The soil layer of old
reclaimed sand deposits was found to exhibit values of Dr
almost 90%, and values of Fl as low as 0.5 when the value
of amax¼650 Gal is assumed, which was the acceleration
recorded at the closest Kashima K-Net station. The results
of SWS tests along the cross section B–B0 are also shown
in Fig. 20.ity) (The ratios of distance to depth/height are not to scale.).
Fig. 19. Estimated proﬁles of relative density Dr and factor of safety
against liquefaction Fl with depth at point sw-7 (Hinode in Itako City).
Fig. 20. Soil proﬁle along cross section B–B0 (Hinode in Itako City) (The ratios of distance to depth/height are not to scale.).
Fig. 21. Locations of Wanigawa and Fukashiba in Kamisu City.
Fig. 22. Old map in 1880’s (Wanigawa and Fukashiba in Kamisu City)
(TRLSO 2011).
Fig. 23. Extensively erupted subsurface soils (Fukashiba in Kamisu City).
Fig. 24. Locations of SWS tests and soil sampling (Wanigawa and
Fukashiba in Kamisu City).
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The current districts of Wanigawa and Fukashiba of
Kamisu City are shown in Fig. 21. The shadow zones inFig. 21 indicate the areas where extensive soil liquefaction was
observed. A comparison of the current map in Fig. 21 and
the corresponding old map from the 1880’s (TRLSO 2011)
Y. Tsukamoto et al. / Soils and Foundations 52 (2012) 987–999996shown in Fig. 22, indicate that the shadow zone of
extensive soil liquefaction, which is located in the upper
part of Fig. 21 includes not only the area where an oldFig. 25. Grain size distribution of soil sample (Wanigawa and Fukashiba
in Kamisu City).
Fig. 26. Soil proﬁle along cross section A–A0 (Wanigawa and Fukashiba in
Fig. 27. Soil proﬁle along cross sections B–B0 and B0–B00 (Wanigawa and Fuk
scale.). (a) Cross section B–B0 (b) Cross section B0-B00.lagoon and paddy ﬁelds were reclaimed, but that it also
extends inland. Another circular shadow zone in Fig. 21
that covers the current Gohno-ike pond corresponds well
to the area where the old Gohno-ike pond was located, as
shown in Fig. 22. It was therefore found that the current
districts of Wanigawa and Fukashiba were developed over
an old lagoon and possibly over easily inundated paddy
ﬁelds, with the help of reclamation by means of draining.
The triangular region immersed in the old Wanigawa
River shown in Fig. 22 was reclaimed by draining during
the period from 1928 to 1933, and came to be called
the Wanigawa district, (Kamisu City HP). It is also
noteworthy that there used to be quite a large number of
gravel pits in the Fukashiba district. Since the ground
water level was high in this region, underwater excavations
for good gravel and pebbles to some depths were imple-
mented primarily during the period from 1960’s to 1980’s.Kamisu City) (The ratios of distance to depth/height are not to scale.).
ashiba in Kamisu City) (The ratios of distance to depth/height are not to
Y. Tsukamoto et al. / Soils and Foundations 52 (2012) 987–999 997Those gravel pits were then reclaimed by ﬁll originating
from nearby regions such as Omigawa of Katori City.
At Fukashiba of Kamisu City, widespread soil liquefac-
tion caused the settlement and tilting of residential houses,
as can be seen in Fig. 23.
A multiple series of SWS tests were carried out at
Wanigawa and Fukashiba districts of Kamisu City with
a help of staff members of Kamisu City on October 14 to
16, 2011. Three series of tests were conducted along the
lines denoted as A–A0, B–B0 and C–C0 in Fig. 24, while the
other series of tests were conducted at Gohno-ike Pond,
where a quay wall partially collapsed and the ground
surface spread laterally. The locations of the SWS tests are
all within the shadow zone shown in the upper part of
Fig. 21. The locations of the SWS tests are denoted as sw-1
to sw-10a, 10b and 10c. In addition, some SPT data were
obtained from the local government, and those locations
are denoted as sp-1 to 16. Samples of erupted sand boils
were retrieved from the locations of sw-3 and sw-10a, and
their physical properties and grain size distributions are
shown in Table 1 and Fig. 25.
The results of the SWS tests are shown in Fig. 26 with
the SPT data as an estimated soil proﬁle along the crossFig. 28. Estimated proﬁles of relative density Dr and factor of safety against
liquefaction Fl with depth at point sw-3 (Wanigawa and Fukashiba in
Kamisu City).
Fig. 29. Soil proﬁle along cross section C–C0 (Wanigawa and Fukashiba insection A–A0. It is seen that in the area of extensive soil
liquefaction, located at the left-hand side of Fig. 26, a loose
weak soil layer of reclaimed deposits overlaid the natural
silt and sand deposits of what had once been supposedly
inner sea bed deposits. The soil proﬁles along the cross
sections B–B0 and B0–B00, which are estimated in the same
manner as above, are shown in Fig. 27(a) and (b). The
locations of sw-2 to 4, where extensive soil liquefaction was
observed, were positively identiﬁed as what had once been
gravel pits which were then reclaimed with ﬁll. In areas
further inland, it seems that quite a large number of gravel
pits which have been reclaimed again with ﬁll exist, though
there is no record of these. Based on the soil sampling at
the location of sw-3, the proﬁles of Dr and Fl with depth
are estimated as shown in Fig. 28. It is found that the layer
of the reclaimed ﬁll immediately below the ground water
level exhibits values of Dr as low as 60%, though it exceeds
Dr¼100% at greater depths. From the authors’ experi-
ence, values of Dr often exceed 100% and sometimes reach
as high as 140%. The value of Fl was found to be as low as
0.4, when a value of amax¼650 Gal is assumed, which was
the acceleration recorded at the closest Kashima K-Net
station. In Fig. 29, the soil proﬁle estimated along the cross
section C–C0 is shown. It appears that there are quite a
number of reclaimed deep gravel pits, underlain by the
natural deposits of sand and gravel.
The other series of SWS tests were carried out at Gohno-
ike Pond, where the quay wall partially collapsed and the
ground surface was moved laterally, as shown in Fig. 30.
This area corresponds to part of the reclaimed deposits
built upon the old Gohno-ike Pond. Sand boils were
observed in the vicinity of the collapsed wall. The results
of SWS tests are shown in Fig. 31. A number of loose thin
soil layers were found in the liqueﬁed deposits. Based on
the soil sampling of erupted sand boils at the location of
sw-10a, the proﬁles of Fl with depth are estimated as
shown in Fig. 31. It was found that at the locations far
from the water side, the crust of non-liqueﬁed layer seems
to have inhibited the occurrence of sand boils, though this
was only seen at the location of sw-10a close to the water
side. It was also found that loose thin layers of liqueﬁed
deposits had an Fl value as low as 0.4 when the value ofKamisu City) (The ratios of distance to depth/height are not to scale.).
Fig. 30. Locations of SWS tests along cross section D–D0 (Gohno-ike
Pond in Kamisu City).
Fig. 31. Results of SWS tests and estimated proﬁles of factors of safety again
Pond in Kamisu City) (The ratios of distance to depth/height are not to scale
Y. Tsukamoto et al. / Soils and Foundations 52 (2012) 987–999998amax¼650 Gal is assumed, which was the acceleration
recorded at the closest Kashima K-Net station.6. Conclusions
A multiple series of SWS tests were conducted at the
regions of Sawara of Katori City, Hinode of Itako City, and
Wanigawa and Fukashiba of Kamisu City, all of which are
located along the lower stream of Tonegawa River. From the
results of the SWS tests along with the locally available SPT
data, the soil proﬁles were estimated, and the layers of the
reclaimed deposits responsible for widespread soil liquefac-
tion and associated phenomena were detected. At the
locations where the soil samples of erupted sand boils were
retrieved, the proﬁles of relative density and the factors of
safety against liquefaction were estimated for various depths,
which proved the occurrence of extensive soil liquefaction.
The use of Swedish weight sounding tests along with the help
of SPT soil proﬁling worked effectively to estimate the
regionally prevailing liqueﬁable soil layers responsible for
such widespread soil liquefaction induced damage.Acknowledgements
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